Neurological and psychiatric disorders are a burden on social and economic resources. Therefore, maintaining brain health and preventing these disorders are important. While the physiological functions of the brain are well studied, few studies have focused on keeping the brain healthy from a neuroscientific viewpoint. We propose a magnetic resonance imaging (MRI)-based quotient for monitoring brain health, the Brain Healthcare Quotient (BHQ), which is based on the volume of gray matter (GM) and the fractional anisotropy (FA) of white matter (WM). We recruited 144 healthy adults to acquire structural neuroimaging data, including T1-weighted images and diffusion tensor images, and data associated with both physical (BMI, blood pressure, and daily time use) and social (subjective socioeconomic status, subjective well-being, post-materialism and Epicureanism) factors. We confirmed that the BHQ was sensitive to an age-related decline in GM volume and WM integrity. Further analysis revealed that the BHQ was critically affected by both physical and social factors. We believe that our BHQ is a simple yet highly sensitive, valid measure for brain health research that will bridge the needs of the scientific community and society and help us lead better lives in which we stay healthy, active, and sharp.
Introduction
Various mental illnesses currently affect millions of people, and enormous social and economic resources are spent to treat them [1] . Huge neuroscientific projects are therefore being conducted in the U.S. [2] , Europe [3] , and other countries, where structural and functional neuroimaging techniques are widely used to reveal physiological functions of the central nervous system. The brain-behavior relationship has thus been gradually delineated for a wide range of mental illnesses, including neurological disorders (e.g., Alzheimer's disease [4] and Parkinson's disease [5] ), psychiatric disorders (e.g., depressive disorder [6] and schizophrenia [7] ) and developmental disorders (e.g., autism spectrum disorder [8] ). Most of these studies have compared the brain structures or functions of patients with specific diagnoses with "healthy" participants. 
MRI data analysis
T1-weighted images were preprocessed and analyzed using Statistical Parametric Mapping 12 (SPM12; Wellcome Trust Centre for Neuroimaging, London, UK) running on MATLAB R2015b (Mathworks Inc., Sherborn, MA, USA), where the preprocessing steps of segmentation, bias correction, and spatial normalization are incorporated into a single generative model. Each MPRAGE image was segmented into GM, WM, and cerebrospinal fluid (CSF) images using SPM12 prior probability templates. The intensity non-uniformity bias correction was applied to aid segmentation by correcting for scanner-induced smooth intensity differences that varied in space. Subsequently, the segmented GM images were spatially normalized using the diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) algorithm [15] . A modulation step was also incorporated into the preprocessing model to reflect regional volume and preserve the total GM volume from before the warp. As a final preprocessing step, all normalized, segmented, modulated images were smoothed with an 8-mm full width at half-maximum (FWHM) Gaussian kernel.
Additionally, the global volumes of GM, WM, and CSF for each scan were calculated. The volume of each tissue class was estimated as the total number of voxels multiplied by the voxel size. Intracranial volume (ICV) was calculated by summing the GM, WM, and CSF images for each subject. Proportional GM images were generated by dividing smoothed GM images by ICV to control for differences in whole-brain volume across participants. Using these proportional GM images, mean and standard deviation (SD) images were generated from all participants. Next, we calculated the GM brain healthcare quotient (BHQ), which is similar to the intelligence quotient (IQ). The mean value was defined as BHQ 100 and SD was defined as 15 BHQ points. By this definition, approximately 68% of the population is between BHQ 85 and BHQ 115, and 95% of the population is between BHQ 70 and BHQ 130. Individual GM quotient images were calculated using the following formula: 100 + 15 × (individual proportional GMmean) / SD. Regional GM quotients were then extracted using an automated anatomical labeling (AAL) atlas [16] and averaged across regions to produce participant-specific GM-BHQs. DTI data were preprocessed using FMRIB Software Library (FSL) 5.0.9 [17] . First, all diffusion images were aligned with the initial b0 image, and motion correction and eddy current distortion correction was performed using eddy_correct. Following these corrections, FA images were calculated using dtifit. FA images were then spatially normalized into the standard Montreal Neurological Institute (MNI) space using FLIRT and FNIRT. FLIRT, a linear registration tool, was used to roughly align a set of brains to MNI space. Then FNIRT, a nonlinear registration tool, was used to achieve better registration. After spatial normalization we smoothed the data with an 8-mm FWHM. Mean and SD images were generated from all the FA images, and both individual FA quotient images and GM-BHQ images were calculated. Individual FA quotient images were calculated using the following formula: 100 + 15 × (individual FA-mean) / SD. Regional FA quotients were extracted using Johns Hopkins University (JHU) DTI-based white-matter atlases [18] and averaged across regions to produce participant-specific FA-BHQs.
Physical factors
Body mass index (BMI). Participants were classified into 3 groups: obesity (BMI!25, n = 24, 16.7%), emaciation (BMI<18.5, n = 15, 10.4%), and normal weight (18.5 BMI<25, n = 105, 72.9%) using the criteria of the Japan Society for the Study of Obesity [19] .
Blood pressure. Participants were classified into 3 groups: hypertension (n = 32, 22.2%), hypotension (n = 14, 9.7%), and normal blood pressure (n = 98, 68.1%). To define hypertension, we followed the WHO criteria (above 140/90 millimeters). To define hypotension, we followed the practical criteria in Japan (systolic blood pressure less than 100 millimeters) because the WHO does not provide medical or official criteria for hypotension.
Pulse. We also measured the pulse of all participants (M = 78.8, SD = 10.83). Daily time use. Participants answered questions about how much time they spent doing various activities on typical weekdays and holidays. From their responses, we selected variables for which the mean values were above 0.5 hr. For weekday activities, sleep, work, housework, meals, personal business, attending work or school, rest and relaxation, and TV/radio/newspaper/magazine were selected. For holiday activities, traveling time other than commuting to work or school, shopping, sports, hobbies, and companionship were selected.
Social factors
Subjective socioeconomic status. We measured two aspects of subjective socioeconomic status: stratum identification and financial worries. For stratum identification, participants were asked "How do you rate your standard of living compared to the general public?" Responses were given on a 5-point scale: "highest" = 5, "upper-middle" = 4, "middle" = 3, "lower-middle" = 2, and "lowest" = 1 (M = 3.1, SD = 0.80, n = 141). For financial worries, participants were asked "Do you have worries and anxiety about your present or future income and assets?" Responses were "yes (n = 49, 34.0%)" or "no (n = 95, 66.0%)".
Subjective well-being. We measured two aspects of subjective well-being: life satisfaction and life improvement. For life satisfaction, participants were asked "To what extent are you satisfied with your current life?" Responses were given on a 4-point scale from "satisfied" = 4 to "not satisfied" = 1 (M = 2.8, SD = 0.70, n = 136). For life improvement, participants were asked two questions. The first question was "How is your life now compared to this time last year?" Responses were given on a 3-point scale: "got better" = 3, "the same" = 2, and "got worse" = 1). The second question was "How do you think your life will be in the future?" Responses were given on a 3-point scale: "get better" = 3, "the same" = 2, and "get worse" = 1). The answer for these two questions were added, and the correlation coefficients were r = 0.469, with p < 0.001 (M = 4.03, SD = 0.84, n = 132).
Post-materialism. Participants were asked, "Which do you think should be prioritized from now on, richness of the mind and heart or material and economic richness?" Responses were given on a 3-point scale: "priority to richness of the mind and heart" = 3, "don't know" = 2, and "priority to material and economic richness" = 1 (M = 2.32, SD = 0.80, n = 142).
Epicureanism and asceticism. Participants were asked, "Which do you think should be prioritized from now on, enjoying your present life or preparing for the future?" Responses were chosen from among "priority to enjoying present life," "don't know," or "priority to preparing for the future." Because this variable had a non-linear association with the GM-BHQ and FA-BHQ, we used it as a categorical variable and made a dummy variable (n = 140). When the answer was "priority to enjoying present life" (n = 39, 27.9%), the dummy variable was "Epicureanism = 1" and other responses were "Epicureanism = 0," and when the response was "priority to preparing for the future" (n = 58, 41.4%), the dummy variable was "asceticism = 1" and other responses were "asceticism = 0." The reference group was "don't know" (n = 43, 30.7%).
Statistical analysis
First, the correlation coefficient between BHQ (GM-BHQ and FA-BHQ) and age were examined. Then, in order to investigate the relationships of physical factors on BHQ, general linear regression analyses were used. We employed three models for analysis: Model 1.1 assessed the relationship of BMI with BHQ, adjusting for age and sex; Model 1.2 then introduced blood pressure and pulse as an additional independent variable to Model 1.1. Model 1.3 introduced daily time use as an additional independent variable to Model 1.2. In model 1.3, independent variables were selected by the stepwise method because there were many variables of daily time use. We added these respective variables to the models based on the hypotheses that blood pressure is more closely related to BHQ than is BMI, and that daily time use is more closely related to BHQ than are the previous two variables. We also investigated the relationship between BHQ and social factors in a similar way using general linear regression analyses. For these analyses, we employed another set of models: Model 2.1 assessed the relationship of socioeconomic status with BHQ after adjusting for age and sex; Model 2.2 then introduced subjective well-being as an additional independent variable to Model 2.1; Model 2.3 introduced attitude (post-materialism and Epicureanism) as an additional independent variable to Model 2.2. Similarly to the physical factors of the first model series, we added these variables based on the hypotheses that subjective well-being is more closely related to BHQ than is socioeconomic status, and that attitude is more closely related to BHQ than are the previous two variables. The significance level was determined at p < .05. All statistical analyses were conducted using IBM SPSS Statistics Version 20 (IBM Corp., Armonk, NY, USA).
Results

BHQ and age
To confirm whether the GM-BHQ and FA-BHQ reflect age-related declines, we examined the association between the BHQs and age. The results are illustrated in Figs 1 and 2. We found a negative correlation between GM-BHQ and age (n = 144, R = 0.610, b = -0.618, p < 0.001). Additionally, we found a negative correlation between FA-BHQ and age (n = 144, R = 0.417, b = -0.219, p < 0.001). Note that previous studies have shown that neuroimaging results are not confounded by scanner differences in a multi-site study, thus allowing the pooling of data obtained from different scanners [20] [21] [22] [23] [24] . In fact, the present results remained virtually unchanged even if we included the factor of scanner differences as a nuisance variable (GM-BHQ: R = 0.683, b = -0.544, p < 0.001; FA-BHQ: R = 0.618, b = -0.158, p < 0.001).
Then, to determine the most appropriate model to estimate age, we conducted hierarchical multiple regression analysis with the outcome of age and compared the coefficients of determination (R 2 ) of each model: GM-BHQ, FA-BHQ, or both GM-BHQ and FA-BHQ. As a result, we found coefficients of determination (R 2 ) were significantly increased when both GM-BHQ and FA-BHQ were used as independent variables compared with when GM-BHQ and FA-BHQ were used separately (GM- 
BHQ and physical factors
To investigate which physical factors contribute to keeping the brain healthier, we examined the association between the BHQs and the following physical factors: BMI, blood pressure, and daily time use. Since FA is prone to be non-normally distributed, we first verified that the residual of each model regarding FA-BHQ was normally distributed. Shapiro-Wilk coefficients for each model were 0.982 (p = 0.058) for Model 1.1, 0.985 (p = 0.123) for Model 1.2, and 0.987 (p = 0.220) for Model 1.3, which confirmed the normal distribution of residuals. Table 1 shows the results of multiple regression analysis with the outcome of GM-BHQ and FA-BHQ according to these factors, adjusting for age and sex. We found that obesity was significantly associated with a lower GM-BHQ (R = 
BHQ and social factors
To investigate which social factors are associated with brain health, we conducted multiple regression analysis between the BHQs and the following social factors after adjusting for age and sex: 1) subjective socioeconomic status, including stratum identification and financial worries; 2) subjective well-being, including life satisfaction and sense of life improvement; 3) post-materialism [25] , in which priority is given to richness of mind and heart rather than material and economic richness; and 4) Epicureanism, in which priority is given to living for the moment rather than preparing for the future. As we did for FA-BHQ and the physical factors, here we also verified that the residual of each model regarding FA-BHQ was normally dis- Table 2 . We found that high stratum identification was significantly associated with greater GM-BHQ (R = 0.748, β = 0.162, p = 0.015), and a sense of life improvement was significantly associated with greater FA-BHQ (R = 0.476, β = 0.221, p = 0.020). Post-materialism was significantly associated with a greater FA-BHQ (R = 0.507, β = 0.184, p = 0.044). Data used for the analysis is also provided in S1 Data.
Discussion
In the present study, we proposed an MRI-based quotient, the BHQ, for monitoring brain health based on the volume of GM and the FA of WM. The results showed that the BHQ is sensitive to age-related decline in GM volume and WM integrity. Further analysis revealed that the BHQ is affected by both physical and social factors, indicating the validity of the BHQ as a potential measure for brain health. We believe that our BHQ is a simple yet highly c Because a non-linear association with BHQ was shown, we used this variable as a categorical variable (Epicureanism/asceticism/don't know). The reference group was "don't know."
sensitive tool for brain-health research that will bridge the needs of the scientific community and society. Since BHQ is a single score derived from GM volume or FA values, it does not provide any information about the connectivity of local brain regions. Nevertheless, BHQ could provide a simple index that may help laypeople grasp the state of their brains in terms of grey matter volume or integration of white matter, and motivate them toward healthier lifestyles. However, for the practical implementation of this method, it is necessary to establish a sufficiently large database because we must determine whether BHQ is related to various factors such as neurological/psychiatric disorders or neurocognitive functions. With the availability of such information, it would be easy for anyone to understand the health status of their own brain.
We found that the GM-BHQ and FA-BHQ were negatively correlated with age, confirming that both quotients are highly sensitive to age-related declines in the brain. The GM-BHQ and FA-BHQ were significant predictors of age, even when the separate analyses were conducted for men and women. Critically, the combination of GM-BHQ and FA-BHQ accounted for more than 40% of the variance in age. Our results are in accordance with a previous study that revealed that aging affects brain structure and its functions [26] . In this study, we investigated the relationship between BHQ and age to show the validity of the BHQ, and previous studies have reported a relationship between brain structure and general intelligence [27, 28] . However, further study is needed to reveal whether BHQ is related to general intelligence.
The results demonstrated that the BHQs were affected by both physical and social factors that cannot be explained by age, indicating that the BHQs are potentially valid measures for brain health. Among physical factors, we found that obesity and hypotension were associated with lower GM-BHQ and FA-BHQ, respectively. These results suggest that ameliorating metabolic syndrome and preventing hypotension are important at both a physical and a neural level. These results are consistent with previous studies revealing the association between brain structure and obesity [29] [30] [31] , metabolic syndrome [32] , and blood pressure [33] . Similar to several physical diseases, such as diabetes mellitus and heart disease [34, 35] , obesity and abnormal blood pressure increase the risk of harming brain health.
In addition to these physical factors, we also found that lifestyle is a critical factor affecting the BHQs, raising the possibility that moderately controlling lifestyle is important for maintaining brain health. Specifically, long rest times and long mealtimes on weekdays were positively associated with the GM-BHQ and the FA-BHQ, respectively, indicating that taking time to relax and have a long meal on weekdays has positive effects on GM volume and WM integrity. By contrast, long rest times and long mealtimes on holidays were negatively associated with the GM-BHQ. Although we do not know the precise reason for these seemingly contradictory results, one possible interpretation is that spending too much time relaxing on holidays might have negative effects on GM volume. Instead of resting for too long on holidays, doing various activities such as conducting personal business, doing housework, or travelling might be better for brain health. Consistent with the present results, the association between brain health and lifestyle has been suggested by the literature [36] .
Consistent with the previous studies that have identified associations between brain structure and social factors (socioeconomic status [37] , psychological traits [38] , and attitudes [39, 40] ), we found that the BHQs were associated with stratum identification, sense of life improvement, post-materialism and Epicureanism. Consistent with epidemiological studies that revealed positive correlations between high subjective socioeconomic status and good physical health regardless of objective income and education [41, 42] , this study revealed that the self-perception of having a high social status had positive effects on GM volume regardless of whether the participant had financial worries. Similarly, in addition to psychological studies showing associations between subjective well-being and various outcomes such as physical health, future success and longevity [43, 44] , this study showed that a sense of life improvement (a sense of the participant's life getting better) had positive effects on WM integrity. Furthermore, post-materialism (priority given to richness of mind and heart rather than material and economic richness) was positively correlated with the FA-BHQ. These results suggest that mature values and a careful way of thinking about the future might have positive effects on brain health. To make it clear how BHQ is related to social factors, questionnaires such as Socio Economic Status Scale [45] , Social Adaptation Self-evaluation Scale (SASS) [46] , or the Sheehan Disability Scale (SDISS or SDS) [47] might be useful. These results also suggest that the BHQs are sensitive not only to physical health but also to social and psychological health, which is consistent with many previous neuroscientific studies that have shown an overlap between the brain mechanisms for processing the physical environment and the social environment [48, 49] .
The GM-BHQ and FA-BHQ yielded somewhat different patterns of results. The GM-BHQ can be interpreted as being associated with relatively stable and holistic factors: socioeconomic status, activities such as personal business, and a balanced lifestyle (i.e., neither too busy nor too idle). In contrast, the FA-BHQ can be interpreted as being associated with relatively shortterm and inconstant psychological factors such as a sense of life improvement and priority to richness of mind, and with a series of behaviors that seem to reduce stress: taking leisurely meals on weekdays and going out on holidays. We speculate that the GM-BHQ and FA-BHQ have differential influences on the physical and social factors, although further studies are needed to determine whether some or all of the present results can be replicated.
Two further limitations of the present study warrant attention. First, a quotient based on GM volume and FA value might not be sufficient to capture the complexity of the brain and the variability that exists across individuals. While we focused on brain structure in this study, recent studies have shown that signals obtained using functional MRI (fMRI), including resting-state fMRI, could be a promising index to evaluate how well the brain network is functioning [50] . By integrating resting-state fMRI into the BHQ, we might be able to monitor shorterterm changes in the brain, such as changes caused by momentary worries or satisfaction. Second, we have not compared the BHQs of healthy participants with those of patients with neurological or psychiatric disorders. We need to test whether the BHQs satisfactorily reflect the status of brain health using an independent dataset, especially the data obtained from individuals with mental illnesses. Despite these limitations, we believe that the BHQs represent an important step toward promoting brain health research. Future studies exploring the relationship between BHQ and various factors, such as vital data, lifestyle, psychological state, or social cognition, might help us live better lives during which we stay healthy, active, and sharp. 
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